Inner Detector Structure
The ATLAS [1] Inner Detector (ID) [2] consists of three subdetectors, the Pixel detector including the new IBL, the Semiconductor Tracker (SCT) and the Transition Radiation Tracker (TRT), all embedded in a 2T axial magnetic field and designed to reconstruct charged particles within a pseudorapidity range of |η| < 2.5. In Fig. 1 is shown a schematic representation of the ATLAS Inner Detector. The Pixel sub-detector consists of 1744 silicon pixel modules arranged in three barrel layers and two end caps with three disks each. The expected detector measurement resolution is 10 µm in r − φ 1 (local x) and 115 µm in z (local y). During the long shutdown one (LS1) the IBL [3, 4] has been added as an additional layer to the Pixel detector, reducing the distance from the interaction point to the first tracking layer. It consists of 280 silicon pixel modules arranged on 14 azimuthal carbon fiber staves surrounding the beam pipe at a mean radius of 33.2 mm. Each stave is instrumented with 12 two-chip planar modules, covering the region of |η| < 2.7, and 8 single chip modules with 3D sensors, four at each end of the stave (2.7 < |η| < 3). The sensitive element size is 50 µm in r − φ and 250 µm in z. In order to simplify the notation throughout the remainder of the note, the term Pixel will be used to refer only to the 50x400 µm pixels and IBL to the new layer. The SCT consists of 4088 silicon strip modules, arranged in four barrel layers and two end caps with nine wheels each. The intrinsic resolution is ∼17 µm in r − φ . The TRT is the outermost of the ID subdetectors, consists of a barrel and two end caps and is made of 350848 gas-filled straw tubes with a single hit resolution of ∼130 µm along r − φ . 
Inner Detector Alignment Procedure
The alignment of the ATLAS Inner Detector is performed using a track-based technique, which minimises the track-to-hit residuals, and obtains the corrections to the module positions of the detector. Each module or grouped collection of modules, e.g. a sub-detector, can be treated as an alignable structure. Each structure has six degrees of freedom (DOF), three rotations and three translations, that define its position and orientation in space. The DOF are referred to as alignment parameters (a a a). The alignment algorithms construct a χ 2 defined as:
where V is the covariance matrix of the detector measurements, r r r is the track-to-hit residuals depending on the alignment parameters and the track parameters τ τ τ. Then a minimisation is performed:
In order to cope with a large number of degrees of freedom, the ID alignment is performed in three hierarchical Levels: at Level 1 seven physical structures are aligned, the Pixel as a whole, the SCT barrel and the two end caps, the TRT barrel and, finally, the two TRT end caps. The Level 2 treats the silicon barrel layers and end cap disks and TRT barrel modules and end caps wheels as separate objects. The Level 3 aligns all the silicon modules and the individual wires of the TRT. The alignment framework has been extensively updated in order to cope with the integration of the new IBL sub-detector in the ID tracking system. A new alignment Level has been defined, Level 11, that treated the IBL as a separate structure from the Pixel detector [5] . This alignment procedure is run during ATLAS data acquisition to monitor the global stability of the ATLAS Inner Detector [6] . Any generic track-based alignment is confronted with some deformations to which fitted tracks have very low or no sensitivity. These, so called weak modes of alignment are collective detector deformations that transform a helical trajectory of a track to another helical trajectory, hence do not affect the χ 2 of the track fit. A number of updates have been applied to the ID alignment to correct for weak mode deformations during the Run I alignment campaign [7] .
Inner Detector Alignment Commissioning with Cosmic Data
Data recorded by ATLAS during 2015 campaign of cosmic rays have been used to perform a first alignment of the detector after the LS1. Around 3 × 10 5 tracks were reconstructed in the data taken in February 2015, which have been used for the first alignment of the ATLAS Inner Detector. The details about the track selection and the alignment procedure can be found in [8] . Using the data recorded in March 2015, the previous results have been improved. Firstly, using data collected with turned off magnetic field, an alignment up to stave level has been performed. The advantage of using magnetic field off data relies on exploiting straight tracks for deriving alignment corrections that are more robust against the introduction of weak modes. In this configuration no information on the track momentum is available. Therefore in order to reduce the uncertainty on the determination of the alignment parameters due to material effects when using low momenta tracks, the Pixel and IBL module level alignment has been performed only using data collected with turned on magnetic field. A cut on the p T > 2 GeV has been applied in order to remove tracks with hit resolution uncertainty dominated by multiple coulomb scattering. The track-to-hit residual distributions before and after the Inner Detector alignment for the IBL and the outer three layers of the pixel barrel are shown in Fig. 2 and Fig. 3 . After the module level March alignment of the IBL and Pixel subdetectors, the hit resolution of the IBL has been improved in local x (local y) from 197 (153) µm to 22 (82) µm respectively and a misalignment of 40 (28) µm has been fully corrected. 
Figure 2: The IBL local x (left) and local y (right) residual distribution for the cosmic-ray data sample reconstructed before (red), after February (black) and March (green) alignment [8] . The distributions are integrated over all hits-on-tracks in IBL modules. The parameter µ represents the mean of the distributions. 
Figure 3: The Pixel local x (left) and local y (right) residual distribution for the cosmic-ray data sample reconstructed before (red), after February (black) and after March (green) alignment [8] . The distributions are integrated over all hits-on-tracks in the barrel modules of pixel layer one, two and three. The parameter µ represents the mean of the distributions.
The means of the local x (left) and local y (right) residual distributions as a function of the module location along the stave (η-index), integrated over all 14 IBL staves are shown in Fig. 4 . The distribution of the local x residual mean indicates an in-plane deformation (stave bowing) in the negative local x direction, with respect to the nominal geometry. The causes of this deformation will be described in more detail in section 4. The distribution in local y indicates a systematic displacement of the modules along the beam axis. As all the IBL modules have been glued on the staves from the stave-center outwards, such stave elongation with respect to the nominal geometry has been ascribed to a wider intermediary gap between the neighbouring modules. The module level alignment corrects both observed stave deformations.
- The half track method [8] has been used to split the cosmic tracks that go through the whole Inner Detector, using respectively the hits in the top and bottom halves. The perigee parameters τ τ τ up and τ τ τ down of each half track pair are compared to each other and their difference, ∆(τ τ τ up − τ τ τ down ), is compared before and after the alignment. The resolution of a track parameter is obtained by the width of the distribution of ∆(τ τ τ up − τ τ τ down ) divided by √ 2. The distributions of the difference between the split tracks longitudinal and transverse impact parameters, the azimuthal angle at the track perigee and the track charge over transverse momentum are reported in Fig. 5 .
Temperature Distortion of the IBL
The distortion of the IBL observed in the data (see previous section) turned out to depend on a mismatch between the coefficient of thermal expansion (CTE) of the components of the IBL staves. Detailed investigations of the characteristic of this distortion are reported in [9] .
Stave Bowing Simulation and Measurement
A three-dimensional finite element analysis (FEA) has been performed to investigate the observed distortion of the IBL staves. The FEA considers the detailed structure of the staves and implements all the mechanical constraints acting on the staves' shape and the boundary condition at the fixation points. The FEA simulation shows that the stave bows to the negative φ direction in the ATLAS global coordinate system when it is cooled down, as shown in Fig. 6 (left) . The stave bowing is due to the difference of the CTE of the bare stave, that is almost zero ppm per Kelvin, and the one of the polyamide flex bus line, that is several tens of ppm per Kelvin. The FEA simulation calculated that the magnitude of the bowing is expected to be approximately parabolic and the distortion size is proportional to the difference between the operating temperature and the
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Alignment of the ATLAS inner detector for the LHC Run II Butti Pierfrancesco Figure 5 : Distribution of the difference of the reconstructed track transverse impact parameter ∆d 0 (top left), of the azimuthal angle at the track perigee ∆φ 0 (top right), of the difference of the reconstructed track charge over transverse momentum ∆q/p T (bottom left) and of the longitudinal impact parameter ∆z 0 (bottom right) using tracks reconstructed in the top part of the inner detector with respect to track reconstructed in the bottom part. The distributions before (red), after February (black) and March (green) alignment are shown [8] .
nominal. The measurement of the correlation of the size of IBL distortion to the operating temperature has been performed using cosmic ray data collected in March 2015. The IBL distortion has been quantified determining the mean of the track-to-hit residual distributions as a function of the module position in global z, integrated over the 14 staves. The cosmic ray data has been collected at different IBL operating points and the resulting distributions are shown in Fig. 6 (right) . The track-to-hit residual distributions have been fit using a parabolic formula
where ∆ x L (z) is the in-plane module displacement as a function of the global z position, B is the fit baseline, M is a free parameter that represent the bowing magnitude and z 0 = 366.5 mm is the fixing point of the stave at both ends. The magnitude of the distortion as function of the operating temperature is shown in Fig. 7 (left) . The slope of the linear fit is
The observation supports the hypothesis that the distortion is driven by the mismatch of CTEs of the materials composing the IBL staves. 
ATLAS

Impact over Track Parameters
A set of alignment constants has been produced to mimic the IBL stave distortion in the local x axis, in order to determine the effect on the track reconstruction. Due to the positioning of the IBL inside the Inner Detector, it is expected that the transverse impact parameter (d 0 ) of a track is the most sensitive track parameter to the stave distortion. The comparison of the d 0 distributions of muon tracks using the Monte Carlo simulation of Z → µ + µ − events in √ s = 13 TeV proton-proton collisions reconstructed with the nominal geometry and the distorted geometry is shown in Fig. 7 (right). The track selection is described in detail in [9] . A bias of ∼ 1 µm has been observed by comparing the distributions' mean values in the case of a distortion magnitude corresponding to δ T = −0.2 K 2 , which is very small compared to the d 0 distribution resolution.
Conclusions
The ID alignment framework has been upgraded to cope with the Run II requirements. A first alignment of the ID after the LS1 has been performed using data collected during the cosmic ray campaign in February 2015 and March 2015. The IBL hit resolution has been improved to 22 (82) µm in local x (local y). The resolution of the track parameters has been measured by comparing the perigee parameters of two segments of a split cosmic track. During this commissioning phase, a mechanical distortion of the IBL staves was observed. This distortion is caused by the difference in the coefficients of thermal expansion of the IBL components. Using cosmic ray data the magnitude of the distortion has been found to be linearly dependent on the operating temperature with a slope of ∼ 10 µm/K. The expected bias on the transverse impact parameter d 0 during collisions data taking at √ s = 13 TeV, is expected to be much smaller than its resolution, in the case of temperature fluctuations of 0.2 K.
